Exceptional points are degeneracies in non-Hermitian systems. A two-state system with parity-time (PT) symmetry usually has only one exceptional point beyond which the eigenmodes are PT-symmetry broken. The so-called symmetry recovery, i.e., eigenmodes become PT-symmetric again, typically occurs in multi-state systems. Here we show that a two-state ferromagnetic waveguide system can have an exceptional point and a subsequent symmetry recovery due to the presence of accidental degeneracy points when the system is lossless. By introducing a parameter space where both exceptional points reside, we designed a system in which the trajectory in the parameter space can be controlled in situ using an adiabatically tunable external field, allowing us to explore the topological and chiral character of the system by encircling zero, one or two exceptional points. We performed microwave experiments to demonstrate the presence of the exceptional point, symmetry recovery, and the effects arising from their dynamical encircling.
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Non-Hermitian systems can possess real eigenvalues if their complex potential has parity-time (PT) symmetry 1 . The system undergoes a transition at an "exceptional point"
(EP) when the degree of non-Hermiticity is increased [2] [3] [4] , after which the real parts of the eigenvalues coalesce while the imaginary parts bifurcate. In optics, PT symmetry can be realized if the system possesses the symmetry ε(x) = ε * (-x) and μ(x) = μ * (-x) 5 .
Although it is difficult to realize optical gain experimentally, EPs can also be found in passive non-Hermitian systems with asymmetric loss, which can be viewed as PTsymmetric systems with a background of uniform loss 6 . The unique physics of EPs has given rise to many interesting phenomena and applications such as unusual beam dynamics 7, 8 , lasing effects [9] [10] [11] [12] , unidirectional transmissions 13, 14 , asymmetric mode switching 15 , and others [16] [17] [18] [19] [20] [21] [22] [23] . EPs are typically manipulated by tuning gain and loss 5, 6 .
When gain and loss are increased relative to coupling strength, there is one EP for a two-state linear system, and the PT-symmetric state cannot be recovered once the system enters the symmetry-broken phase. However, the so-called symmetry recovery (i.e., eigenmodes re-enter the PT-symmetric phase) can occur if the system has more than two states interacting 21, 24, 25 or if the system is nonlinear 26, 27 . The topological structure of EPs has also attracted immense attention 28, 29 since intriguing behavior such as a state flip could occur if an EP is encircled adiabatically. These effects were reported only recently in microwave 15 and optomechanical 30 experiments via a full dynamical encircling of the EP, showing that the output state is determined solely by the sense of rotation in the parameter space, regardless of the input state. A full analytical model 31 was established to explain this chiral nature of the dynamics, which can also be related to the Stokes phenomenon of asymptotics 32, 33 and stability aspects 34 . Although a full dynamical encircling of one EP was realized experimentally, the encircling loop could not be changed once the sample was fabricated 15 . It would be even more interesting if we could dynamically tune the encircling loop and encircle more than one EP as it would reveal more insights into the topological structure of the EPs and enrich their applications.
In this work, we report the first experimental observation of an EP and a subsequent symmetry recovery in a two-state system as well as a dynamical encircling of more than one EP. We first investigate a PT-symmetric coupled ferromagnetic waveguide system in the presence of a bias magnetic field. The system possesses multiple degeneracy points (DPs), which are diabolical points due to the absence of mode couplings at 3 specific field strengths. Each DP becomes a pair of EPs of opposite chirality when gain and loss are introduced. As a result, the system carries multiple EPs and exhibits symmetry recovery behaviors in a dynamical process when the external field is tuned monotonously. Using a pair of passive waveguides, we experimentally demonstrate the presence of a pair of EPs spawn from a single DP at microwave frequencies by measuring the transmission spectra and field distributions. We further design a coupled system in which the bias field and the width of one of the waveguides vary along the waveguiding direction. A dynamical encircling loop can be created in the parameter space where the two EPs (i.e., one EP and a subsequent symmetry recovery) reside.
Remarkably, the trajectory in the parameter space can be controlled in situ using a tunable external field, and as such we can choose to encircle zero, one or even two EPs to explore the parameter space topology without changing or moving the sample.
Experimental measurements on the mode symmetry demonstrate the effects arising from the dynamical encircling of the EPs.
Results
Exceptional point and symmetry recovery in a two-state system. We start by
showing the physical mechanism underlying the presence of multiple EPs for a twostate system. Figure 1a illustrates the PT-symmetric coupled ferromagnetic waveguide system with balanced gain and loss [ε1 = 12.3-iγ, ε2 = 12.3+iγ]. Static magnetic fields are applied to the two waveguides along opposite directions, inducing a diagonal term μb and an off-diagonal term ±iχ of the permeability tensors 35 . The background material is assumed to have ε3 = 12 and μ3 = 1. For simplicity's sake, we first set μb = 1, which does not affect the underlying physics. We calculate the dispersions of the weakly guided modes in this paraxial waveguide system without gain or loss (γ = 0) using COMSOL 36 . Figure 1b shows the effective mode index, defined as neff = βz/k0, with βz and k0 denoting the mode propagation constant and vacuum wave number respectively, for the fourth pair of symmetric and anti-symmetric modes as a function of χ (solid lines). Here, χ depends on the external magnetic field, as will be stipulated later. For comparison, we show the dispersion of the fourth mode in a single waveguide (dashed line), which crosses the coupled symmetric/anti-symmetric modes at two DPs. The mode degeneracy phenomenon has been reported in ferromagnetic waveguides in the presence of an external magnetic field due to the absence of mode couplings 37 to represent the coupling strength between the two waveguides, where the subscript j corresponds to the uncoupled eigenfield in the system with only waveguide j. Figure 1c shows the coupling coefficient between the uncoupled fourth set of modes. We find two regions with vanishing coupling strengths that match well with the two DPs in Fig. 1b The coupled waveguide system without gain or loss can be described by a
Hamiltonian of the form
, where β0 is the propagation constant of an uncoupled mode in the single waveguide and κ denotes the couplings between the two uncoupled modes. We use the numerical results in Fig. 1b to fit κ as a function of χ. broken phase emerges at an EP when the gain or loss parameter exceeds the coupling.
As the coupling is vanishing at the DPs, we expect that even a very small γ can give rise to EPs. This is indeed the case, as shown in Fig. 2b , where a small γ = 3×10 -4 is sufficient to turn each DP into a pair of EPs. For ordinary two-level systems, there is only one EP and the PT-symmetry of eigenmodes remains broken beyond that EP.
However, as χ increases, our system first enters a PT-broken phase but re-enters a PTsymmetric phase before becoming PT-broken again. PT-symmetry recovery has been reported in multi-state systems 21, 24, 25 , but it occurs here in a two-state system due to the non-monotonic couplings. When the gain or loss reaches a particular threshold (γ = 4.9×10 -4 ), the right-hand EP of the left bubble and the left-hand EP of the right bubble merge to form a DP, as shown in Fig. 2c . The real eigenvalues cross linearly for ordinary diabolical points, but in the case of this DP it is the imaginary parts that cross linearly.
As γ increases further, the two PT-broken phase regions merge as shown in Fig. 2d . The corresponding chirality of the EPs is shown in Fig. 2b In fact, a system with asymmetric losses (rather than exact PT symmetry) can exhibit the aforementioned effects. We design a non-Hermitian passive system consisting of a pair of yttrium iron garnet (YIG) dielectric waveguides working at microwave frequencies. The background material is assumed to be air. Microwave absorbers are attached to the side of YIG waveguide 2 (red region in Fig. 3a ) to introduce asymmetric losses into the system, given that the intrinsic dielectric loss of YIG is negligible. We apply a bias magnetic field along the negative x-axis. The eigenfield distributions move towards the +y interface due to the field displacement effect when the transverse bias magnetic field is perpendicular to the RF magnetic field 35 . The EP and symmetry recovery can also appear in this configuration due to the by the gyromagnetic ratio γR and bias magnetic field H0, and ωm = μ0γRM is determined by the magnetization M, which is measured experimentally ( Supplementary Fig. 4 ).
Here, permeability losses can be ignored because the system operates far away from the gyromagnetic resonance. Figure 3b shows the calculated effective mode index of the coupled YIG waveguides at 9.5 GHz as a function of the bias magnetic field. In the simulation, the permittivity of YIG and that of the microwave absorber are chosen as ~15.2 38 and ~4+15i ( Supplementary Fig. 4 ) respectively. We find a region (0.02 T~0.16 T) where the real parts of the two modes almost coalesce while the corresponding imaginary parts first repel and then attract each other again. This is a typical feature of an EP associated with symmetry recovery, although here the real/imaginary parts are separated in the broken/symmetric phase region due to the mode detuning induced by the broken symmetry of the two waveguides (i.e., only one waveguide has a microwave absorber attached). In other words, the system is very close to the 'exact' EP and symmetry recovery point ( Supplementary Fig. 5 ). The inset of Fig. 3b shows the emergence of a DP when the microwave absorber is removed. This DP spawns a pair 6 of EPs of opposite chirality when asymmetric losses are introduced and symmetry recovery naturally arises. The power flow distributions of the eigenmodes are also shown in the inset of Fig. 3b , where the field displacement effect can be found. The symmetry of the eigenmode (PT-symmetric or PT-broken) is also evident.
We then perform microwave experiments to implement the theoretical design. A photograph of the experimental setup is shown in Fig. 4a , where a pair of YIG waveguides is placed inside a vibrating sample magnetometer (VSM), which can provide a quasi-uniform bias magnetic field along the negative x-axis in the area of interest. The transmission spectra of the system are measured to identify the EP as well as the symmetry recovery behavior, since we expect the transmission to be enhanced in the broken phase region provided that both eigenmodes are excited efficiently 6 . The To investigate the underlying physics, we measure the electric field intensity on the surface of each waveguide along the waveguiding direction (see z-axis in Fig. 4a ). The experimental results at 9.5 GHz for different bias fields are shown in Fig. 4c,d , respectively, for waveguide 1 and waveguide 2. The transmission enhancement regime at 9.5 GHz estimated from Fig. 4b is marked by the two grey dashed lines, which partition the regime into two symmetric phases and one broken phase. In the symmetric phase regime, both the symmetric and anti-symmetric modes experience considerable losses, suggesting that the electric field intensity decays exponentially along the direction of propagation in both waveguide 1 (Fig. 4c ) and waveguide 2 (Fig. 4d ). In the broken phase region, however, the two eigenmodes propagate individually in the two waveguides (see the power flow patterns in the inset of Fig. 3b) . As a result, the wave in waveguide 1 can travel a longer distance since the mode losses are small ( We perform numerical simulations to support the experimental results. To calculate the transmission spectra, we place a line current source (white lines in Fig. 3d ) near the edge of the lossy waveguide to mimic the antenna in experiments. The power flow Sz at the output surface is then integrated to provide the transmission. Figure 3c shows the calculated transmission spectrum of a 200 mm system at 9.5 GHz, which can reproduce the salient features observed in experiments. The transmission exhibits an oscillating behavior in both experiments and simulations due to the Fabry-Perot resonance associated with the change in the effective mode index as the bias magnetic field varies.
Increasing the waveguide length further to 400 mm in the simulation can double the resonant peak number (see Fig. 3c ), confirming the presence of the Fabry-Perot effect.
We show in Fig Fig. 3b ; also refer to the white dashed line in Fig. 4b ) as μb approaches zero 35 . As a result, the transmission shows a sudden drop. All these numerical results are consistent with the experimental results, demonstrating the presence of the EP as well as the symmetry recovery.
A dynamical encircling of the exceptional point and the symmetry recovery point.
The bias magnetic field in this system can be tuned adiabatically and continuously, making our system a good platform on which to study the topological properties 8 associated with the EPs 15, 30, 31, 34, 39 . Forming an encircling loop in a parameter space requires two system parameters that can be changed continuously in space or time. In addition to the bias field, we choose the width of YIG waveguide 2 as the second parameter which is determined by a scale factor α (see Fig. 5b for definition). We calculate the effective mode index for the system at 9 GHz as a function of both the scale factor of waveguide 2 and the bias field (see the caption of Fig. 5b for detailed system parameters). The obtained Riemann surface for the lossless system is shown in Fig. 5e where a DP emerges. When asymmetric loss is introduced, the DP spawns a pair of EPs, exhibiting a self-intersecting Riemann surface as shown in Fig. 5f (real part)
and Fig. 5g (imaginary part). The white dashed line in Fig. 5f marks the 'exact' broken phase region where the real parts of the two eigenvalues coalesce (also refer to the side view). The two end points of this broken phase line are EPs, beyond which the Riemann surface splits. The topological structure of our system is more complex than previous ones 15, 30, 31, 34, 39 due to the presence of two EPs, allowing us to gain more physical insights into the topological properties associated with EPs.
Following the idea that a dynamical encircling of one EP can be realized in a modulated waveguide system 15,39 , we design a coupled system in Fig. 5a with the bias field and the scale factor α varying continuously along the waveguiding direction (i.e.,
z-axis).
Given the diameter of the VSM magnet (~200 mm), the length of the coupled system is set to 400 mm so that the external magnetic field almost vanishes at the two terminals of the system. The experimentally measured bias field distribution along the z-axis is plotted with circles in Fig. 5c where Bm denotes the maximum field at the center of the waveguides. The field distribution is closely fitted using a sinusoidal function (solid line in Fig. 5c ) for further numerical simulations. Note that in the aforementioned experimental demonstration of the EP and symmetry recovery (Fig. 4) , the bias field distribution is also non-uniform. But we show in Supplementary Fig. 10 that the non-uniformity would not affect the underlying physics of that system which is only 200 mm in length. Besides the bias field, the scale factor α is designed to vary along the z-axis with a minimum of 0.875 at z = 100 mm and a maximum of 1.125 at z = 300 mm (Fig. 5d , also see Fig. 5a ,b for the schematic diagram). The parameter space is then defined in Fig. 6a , where the positions of the two EPs are also marked. Note that the scattering through our designed system is analogous to a loop in the defined parameter space, with the starting/end point at B = 0 and α = 1. Injections from the left 9 (z = 0) and right side (z = 400 mm) of the waveguide system (see the schematic diagram in Fig. 5a ) correspond to counter-clockwise and clockwise loops, respectively. Some examples are given in Fig. 6a , where the green, black, and yellow loops are generated by Bm = 0 T, 0.08 T, and 0.17 T, corresponding to a dynamical encircling of zero, one, and two EPs, respectively. The encircling loop in our system can be tuned in situ continuously since the loop size is determined by an adiabatically tunable parameter, Bm. This was not possible in previous experimental work 15 , where the encircling loop was fixed once the samples were fabricated.
We perform numerical simulations to demonstrate the effects arising from the dynamical encircling of EPs. Four cases are considered. Cases I and II correspond to counter-clockwise loops whereas cases III and IV clockwise loops. The injection is a symmetric mode for cases I and III and an anti-symmetric mode for cases II and IV.
The modal transmission intensities nm T ( GHz as a function of Bm for the four cases. We find in case I that within a specific range of Bm (i.e., 0.03 T~0.13 T), the anti-symmetric mode dominates the output, corresponding to a state flip. Outside of this range, however, the output is mainly a symmetric mode which is the same as the injection. The three loops defined in Fig. 6a can be used as examples to interpret these features. Their trajectories of the eigenstate evolution on the Riemann surface are also drawn in Fig. 5f ,g. At Bm = 0, the loop does not encircle any EP so that the eigenstate returns to itself, which can also be verified by the Hy field distribution in Fig. 6c . The situation is different when Bm = 0.08 T since the bigger loop now encircles one EP. The topological structure of the system then allows the two eigenmodes to flip after the EP is encircled (see the black line in Fig. 5f ), as long as the encircling takes place on the Riemann sheet with lower losses 15, 31, 34, 40 (see the black line in Fig. 5g ). The state flip from symmetric input to anti-symmetric output can be understood intuitively through the dynamical evolution of the Hy field shown in Fig. 6d . The unique topological structure of our system allows us to encircle two EPs if we further increase the bias field to, e.g., Bm = 0.17 T. However, the eigenstate returns to itself again because the chirality of one EP cancels out that of the other EP as they 10 are spawn from the same DP (see the yellow lines in Fig. 5f ,g for dynamical evolutions).
The field distribution in Fig. 6e also shows that the state returns to itself after looping around both EPs. This process is nearly adiabatic in the presence of non-Hermiticity, since the field profile at any position follows closely that of the instantaneous eigenstate on the Riemann surface. Therefore, the variation in the output mode symmetry with increasing bias field indeed reflects a change in the number of EPs encircled in the parameter space.
We study case II from the same viewpoint. The transmission intensities in Fig. 6b indicate that the mode symmetry stays the same when zero or two EPs are encircled, as in case I. However, the eigenstate still returns to itself even if the loop encircles one EP, as demonstrated by the field evolution with Bm = 0.08 T in Fig. 6f . This behavior is due to the breakdown of adiabaticity in non-Hermitian systems if the eigenmode evolution tends to occur on the Riemann sheet with higher losses 15, 31, 34, 40 (see Supplementary Fig.   11a ,b). The features can also be related to the Stokes phenomenon of asymptotics 32, 33 .
The results of cases III and IV can be understood in the same way (see corresponding field distributions in Fig. 6g ,h and eigenmode evolutions in Supplementary Fig. 11c-f) and demonstrate the chiral behavior in the encircling of one EP. In brief, the eigenmodes return to themselves in all four cases when zero or two EPs are encircled. When one EP is encircled, the output mode symmetry depends solely on the encircling direction (i.e.,
anti-symmetric output for counter-clockwise loops and symmetric output for clockwise loops), leading to a "chiral" behavior of the transmission. Note that the system is still reciprocal (i.e., ' nm mn TT  ) in the presence of the transverse bias field since the cross section of the coupled waveguides has a mirror symmetry. In addition, the field evolution in Fig. 6d ,h indicates that the encircling is in fact not fully adiabatic. We show by simulation that a further increase in the system length can improve the results ( Supplementary Fig. 12 ).
We perform microwave experiments to demonstrate the above effects. A photograph of the fabricated samples is shown in Fig. 7a (see the figure caption for detailed parameters). Only half of YIG waveguide 2 has the microwave absorber attached, which has been shown to be an effective way to minimize the dissipation for an encircling featuring the adiabatic transition while keeping the topology of the system intact 15 ( Supplementary Fig. 13 ). We define a phase difference The chiral nature of the dynamics of encircling one EP has been exploited for asymmetric mode switching 15 . Since the external field in this work can be tuned continuously, our system can be applied to the switching of modes controlled with external fields, i.e., manipulating the symmetry of the output state by dynamically encircling different numbers of EPs. Our system is a good platform for exploring nonHermitian physics since it is the first design that allows for the experimental realization of a dynamical encircling of two EPs. Our numerical and experimental results convincingly demonstrate that the encircling of two EPs for all the four cases is adiabatic in the presence of non-Hermiticity, ensuring that the eigenstate returns to itself after looping around the two EPs that are spawn from a single DP.
Discussion
We have shown both theoretically and experimentally that in a two-state coupled ferromagnetic waveguide system, tuning an external magnetic field creates an EP and a subsequent symmetry recovery, the latter of which is rarely seen in two-state systems.
Based on the unique topological structure of the proposed system possessing a pair of EPs, we have introduced a parameter space in which the EPs can be dynamically encircled. The measured mode symmetry under different bias fields serves as direct evidence for the presence of the EP and symmetry recovery. We emphasize that the bias field can be used in situ to continuously tune the size of the loop, i.e., from excluding any EP to dynamically encircling one or even two EPs. The proposed system can thus be applied to mode switching controlled with an external parameter without changing or moving the sample.
Methods
Sample preparation. In the experiment demonstrating the presence of an EP and symmetry recovery ( Fig. 7a (also see Fig. 5d ).
Experimental setup. In the experiment demonstrating the presence of an EP and symmetry recovery (Fig. 4) , we placed an antenna ~8 mm in length near the surface of the lossy waveguide in order to excite both eigenmodes in the system. Another antenna ~20 mm in length was placed at the waveguide exit to receive the transmission. The two antennas were connected to an Agilent Technologies 8720ES Network Analyzer for recording the transmission intensity. In the experiment demonstrating the encircling of EP and symmetry recovery (Figs 7,8 ), the symmetric mode was excited using an ~20 mm long antenna, while the anti-symmetric mode was excited using two ~8 mm long antennas. These two antennas were connected to the coaxial cable of the 8720ES
Network Analyzer via a one-to-two power splitter and were placed along opposite directions so that their currents were oscillating out of phase. An antenna ~8 mm in length was placed at the exit of waveguide 1 and that of waveguide 2 to detect their Fig. 4b ). The VSM was used to measure the hysteresis loop of the YIG sample ( Supplementary Fig. 4a ).
Numerical simulations.
In the numerical simulations of Figs 1,2 , the permeability tensor of the ferromagnetic material takes the form 12 00 0 1 0 , 0 1 0 . 00
All simulations were performed using the commercial solver package COMSOL. The with Bm = 0.08 T, where the length of the system is extended to 1000 mm. In this simulation, the diameter of the VSM magnet is taken to be 500 mm, which is not the case in experiment (~200 mm). We find by comparing a,b with Supplementary Fig.   13d ,h, the state-flip behavior is improved (i.e., the mode evolution is more adiabatic) when increasing the system length. This is however out of reach in our experiment as we do not have such a large magnet. Supplementary Fig.   13d ,f,g,h where the Fabry-Perot effect is not considered. More specifically, a state flip occurs for cases I and IV, whereas the mode symmetry is preserved for cases II and III. Therefore, the effects arising from the encircling of EPs would not be disturbed by the Fabry-Perot effect in experiment.
Supplementary Note 1 Mode analysis
We give a detailed study on the origin of the degeneracy points (DPs) in the main text.
We first consider the coupled ferromagnetic waveguide system shown in Fig. 1a 
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gives a zero coupling strength. The z-component of the eigenfield is very small and therefore not shown here. 41 We can follow the same way to demonstrate the emergence of a DP in the coupled YIG waveguide system shown in Fig. 3a of the main text. We calculate the coupling strength and show the result in Supplementary Fig. 3a . The vanishing coupling strength at ~0.095 T can account for the DP (see the inset of Fig. 3b of the main text). We further show in Supplementary Fig. 3b the eigenfield 
Supplementary Note 2

Control experiments
We show the results of five control experiments in the following. Control experiments I-IV are for demonstrating the presence of an EP and a subsequent symmetry recovery, and control experiment V is for encircling the EPs in the proposed parameter space.
Control experiment I: rotating the system by 90°
We performed a control experiment in which the coupled waveguide system in Fig. 4a of the main text is rotated by 90° around the z-axis, meaning that the bias field is in fact parallel to the short-edge of the YIG waveguide (see Supplementary Fig. 6a ). We calculate the effective mode index as a function of the bias magnetic field at 9.5 GHz and show the results in Supplementary Fig. 6b . We find that in the field range of interest there is no EP-related physics. This is due to the fact that the system does not possess a DP when the microwave absorber is absent (see the inset of Supplementary   Fig. 6b ). The measured transmission spectra with different bias magnetic fields are shown in Supplementary Fig. 6c . These spectra look almost the same, indicating that no EPs or symmetry-recovery physics exist in such a configuration. This control experiment can further support our conclusion that the enhanced transmission in Fig.   4b of the main text is due to the presence of the EP and symmetry-recovery.
Control experiment II: increasing the gap distance to 2 mm
We performed another control experiment in which the gap distance between the two YIG waveguides is increased to g = 2 mm. The experimental transmission spectra are shown in Supplementary Fig. 7c , where we find the broken phase region becomes broader than that of the case g = 0.5 mm (see Fig. 4b of the main text). To explain this 42 phenomenon, we calculate the effective mode index of the lossless system at 9.5 GHz and show the results in Supplementary Fig. 7a . We note that the position of the DP exhibits a shift compared to the case of g = 0.5 mm. In other words, the DP will appear at a lower bias magnetic field when the gap distance is increased. This trend is also shown in Supplementary Fig. 7d for different frequencies (comparing the red line and black line). The shift of the DP results in a shift of the broken phase region in the lossy system. We plot in Supplementary Fig. 7b the calculated imaginary part of the effective mode index of the lossy system. It is then not surprising to find that with a larger gap distance of 2 mm, the system with a zero-bias field at 9.5 GHz is already in the broken phase region (also see Supplementary Fig. 7c ). The mode coupling becomes weaker when the gap distance is increased. As a consequence, with the same microwave absorber attached, the bandwidth of the broken phase region becomes broader (see Supplementary Fig. 7b for theoretical results, Supplementary Fig. 7c for experimental phenomena and Fig. 2a of the main text for interpretation).
Control experiment III: removing the microwave absorber
We performed a third control experiment in which the microwave absorber is removed, as illustrated schematically in Supplementary Fig. 8a . The aim of this control experiment is to demonstrate that the observed transmission enhancement phenomenon is not simply due to a coupling effect between the two lossless waveguides. Supplementary Figure 8b shows the measured transmission spectra of this system under different bias magnetic fields. Supplementary Figure 8c shows the results for three typical frequencies. As expected, we do not observe enhanced transmissions, indicating the important role of the microwave absorber since EPs can only appear in non-Hermitian systems.
Control experiment IV: single YIG waveguide with the microwave absorber
We performed a fourth control experiment by studying a single YIG waveguide with the microwave absorber, as illustrated schematically in Supplementary Fig. 9a . The aim of this control experiment is to demonstrate that the observed transmission enhancement phenomenon is not simply due to the variation of mode losses when the bias magnetic field varies. Supplementary Figure 9b shows the measured transmission spectra of this system with different bias magnetic fields. We found the transmission is almost unchanged because there is no other route, e.g., another lossless waveguide 43 in the broken phase region, for the microwave to propagate through the system.
Control experiment V: encircling the EPs without the gap
We performed a control experiment for encircling the EPs. The gap distance is chosen to be nearly zero so that the EPs appear at a larger bias field for each frequency as discussed above. The measured phase differences for cases I and III (injected with a symmetric mode) are shown in Supplementary Fig. 14a,b , respectively. By comparing Supplementary Fig. 14a with Fig. 7b of the main text where the gap distance is ~0.5 mm, we find the state-flip region indeed moves towards larger bias fields. The result for case III here ( Supplementary Fig. 14b) shows a similar behavior to that in Fig. 7c of the main text since the eigenmode exchange does not occur in case III.
